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TECHNICAL NOTE NO. 1092 


FLIGHT BIYESTIGATION OF THE COOLING CHARACTEEISTICS OF A 

Tiro-EOW EADIAL ENGINE H'JSTALLATION 

I - COOLING COEEEIATION 

By E. Barton Bell, James E. Morgan 
John H. Disher, and Jack E. Mercer 


3NI#1AEY 

Flight tests have been conducted to detemine the cooling 
characteristics of a two-row radial engine at altitude in a twin- 
engine aii’plane and to investigate the accuracy with vrhich low- 
altitude cooling-correlation equations can be used for making 
cooling predictions at higher altitudes. The test engine was oper- 
ated over a wide range of conditions in level flight at density 
altitudes of 5000 and 20,000 feet. 

Satisfactory correlation of the cooling variables was obtained 
at both altitudes by the NACA cooling- correlation method. By use 
of correlation equations developed for specific altitudes, average 
engine temperatures could generally be predicted to within F, 
V/hen temperatures at an altitude of 20,000 feet were predicted by 
correlation equations established at 5000 feet, they were usually 
within -10° F of the actual measured value. Slightly more accurate 
results were obtained when the equations were based on the density’' 
of cooling air at the rear of the engine than wiien they irere based 
on average or front densities; however, the difference was small for 
the range of altitudes encountered. 

A relatively simple procedure is followed in this report, ^i/iiich 
may be used to eval’oate the cooling performance of any conventional 
air-cooled power-plant installation and to determine the optimum 
conditions of opei-ation for satisfactory cooling and maximum range. 


INTEODUCTION 

The problems involved in the con-elation of important engine 
and cooling variables and of predicting cooling performance in flight 
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have been the subject of many investigations. These investigations 
have been based to a great extent, however, on results of cooling 
tests made on single -cylinder test units, torque stands, and in 
wind tunnels . 

Several important factors have prevented making consistently 
accurate flight cooling predictions from sea-level cooling teste. 

The effects of the greatly different atmospheric conditions existing 
at altitude and the accompanying compressibility phenomena are 
difficult to account for accurately because of the lack of experi- 
mental data. The distribution of cooling air may be greatly different 
in flight than in torque -stand tests and the effects of varying 
exhaust pressure further complicate the problem. The distribution 
of charge air is also likely to be different because of different 
throttle settings and changes in carburet or -entrance conditions owing 
to intake-scoop configuration. 

Because considerable difficulty has been experienced in making 
flight cooling predictions from the results of ground-level test 
installations, a further logical stop wa,s to determine the accuracy 
with which a cooling correlation established in flight at a low 
altitude could be used for cooling predictions at higher altitudes. 
Flight tests to determine the cooling characteristics of a two-row 
radial engine were therefore conducted at the NACA Cleveland labo- 
ratory . In the present report, cooling-correlation equations are 
established for two altitudes by the method developed in reference 1 
and the accuracy of using the low-altitude correlation for higher 
altitude predictions is investigated. The effect of using front, 
rear, and average cooling-air densities on the accuracy of the equa- 
tions is also included. The equations that are developed ;.ire employed 
to evaluate the cooling performance and li.mitations of the engine 
installation. 

In the second report to be written on this investigation, an 
analysis will bo made of the factors affecting the cooling-air pres- 
sure distribution within the engine cowling. A study of the engine 
temperature distribution will be presented in the third report and 
some of the results of the second report will be used in an investi- 
gation of the factors controlling temperature distribution. 

The tests wore conducted with a twin-engine airplane in lovol 
flight at density altitudes of 5000 and 20,000 feet over as wide a 
range of power and cooling-air pressure drop as flight conditions 
would permit. 
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SYIIBOLS 

The folloving symbols are used throughout the report; 


A 

B 

hhp 

C 

"P 

D 

S 

ihp 

isac 


J 

K,m,n 

N 


P 


alt 


P 


si 





S 


Cooling-Correlation Symbols 
constant proportional to engine friction 
constant pi'oportional to blower power 
brake horsepower 

constant proportional to engine displacement 

specific heat of aiv at constant pressure, 0.24 Btu per 
pound per 

Impeller diameter (0.917 for test engine), feet 
acceleration due to gravity, 32.2 feet per second per second 
indicated horsepower 

indicated specific air consumption, pounds per indicated 
horsepower per second 

mechanical equivalent of heat, 778 foot-pounds per Btu 
constants derived from cooling data 
engine speed, rpm 

absolute pressure in exliaust manifold at altitude, inches 
mercury 

absolute pressure in exliaust mainifold at sea level, inches 
mercui’y 

cooling-air temperature (stagpation) , °F 
cylinder-barrel temperature, °F 
charge-air temperature ahead of carburetor, 
mean effective gas temperature, 
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Tg reference mean effective gas temperature when charge-air 

temperature in manifold is 0^ F, °F 

cylinder-head temperature^ °F 

Tjjj charge -air temperature in manifold calculated on dry-air 

basis ^ °F 

U impeller tip speed, feet per second 

weight of charge-air flow, pounds per second 

AP cooling-air pressure drop, inches water 

AT blower temperature rise across supercharger on dry-air 

basis, °F 

ATg change in mean effective gas temperature due to °F 

p cooling-air density, slugs per cubic foot 

Pp front cooling-air density, slugs per cubic foot 

pQ WACA standard sea-level density, 0.002378 slugs per cubic 

foot 

0 ratio of cooling-air density to standard density, p/Pq 

Of 0 based on front cooling-air densitj"-, Pf/p^ 

Airplane-Performance Symbols 

a velocity of sound in air (a = 33,42 v't' + ’ 459.4) , miles per 

houi- 

Cj) coefficient of drag 

Cl coefficient of lift 

Fq compressibility factor 

M Mach number 

q. dynamic pressure, inches water 

q.(, impact pressure in compressible flow (q.^ = Pc'!); inches vmter 
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S wing area (602 for test airplane), square feet 

T ambient air temperature, °F 

V true airspeed, miles per hour (or ft/sec as specified) 

N airplane gross weight, pounds 

P propulsive efficiency 

Pres sure -Tube Symbols 

H total pressure 

P static pressure 

Subscripts 

ae average engine 

b barrel 

fr front row 

h head 

i intake side of cylinder 

rr rear row 

t top of cylinder 

1,2,3, axial location of pressure tubes in direction of coollng- 
etc. air flow 


AIRPLANE AND ENGINE 

A twin-engine airplane (fig. 1) powered by two-row radial 
engines was used for these tests. This type of airplane afforded 
sufficient space for a large amount of instrumentation and allowed 
a wide range of operating conditions for the test engine; the ser- 
vice ceiling of the airplane was approximately 25,000 feet. The 
engines were enclosed with short-nose low-inlet-velocity cowlings 
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having cowl flaps aro^jnd the lower half of the periphery with the 
exception of the space at the hottoai occupied by the oil- cooler 
duct. Chai'ge air was adnitted throug]:i twin intake ducts at the 
top of the cowling. The weigi'it of the airplane during the flight 
tests was approximately 30,000 pounds. 

The engine was of the 18- cylinder two- row radial air-cooled 
type with a normal rating of 1500 brake horsepower at an engine 
speed of 2400 rpm and a take-off rating of 1850 brake horsepower 
at an engine speed of 2600 rpm. The engine was equipped with a 
gear-driven, single-stage, two-speed supercharger having a low- 
blower gear ratio of 7.6;1 and a high-blower gear ratio of 9.45:1. 
A torquemeter having a gear ratio of 2:1 and an injection carbu- 
retor that was standard for the engine were used. 

The four-bladed propeller was 13.5 feet in diameter, of the 
constant- speed type, and equipped with cuffs. 

The fuel used througiiout the tests conformed to specification 
AN-F-28. 


mSTEUIiENTATION 

The engine- instrument installation T/as made on the right engine 
of the airplane. In addition to the standard flight and engine 
measurements, provisions were made to detenoine engine torque, fuel 
flow, weight of engine charge air, fuel-air ratio of individual cyl- 
inders, cylinder temperatures, cooling-air temperature and pressure 
drop, and cowl- flap angle. The engine fuel-air ratio was obtained, 
in most cases, by averaging the fuel-air ratio of the individual 
cylinders, as determined by Orsat einalysis of the exliaust-gas samples. 
’.Then exhaust-gas samples were not obtained, the engine fuel-air ratio 
vras calculated from the fuel flow, which was measui’ed by a fuel flow- 
meter, and the charge-air flow, which was determined by the method 
discussed in appendix A. Calculated values of fuel-air ratio agreed 
on the average with the available measured values to within 13.5 per- 
cent. Continuous records were taken indicating airspeed, altitude, 
engine speed, torque, and manifold pressui'e. The power developed by 
the left engine was assumed to be equal to that of the right engine 
because all operating conditions v;ere set the same on both engines. 

Temperatures. - The locations for measuring cylinder temperatures 
are shown in figure 2. The temperatures used for correlation were 
obtained by thermocouples located on the rear of the head between 
the two top circimiferential fins (Tps) and at the roar raiddlo of the 
barrel halfway up the finning (T0). In addition to these two thermo- 
couples, cylinder temperatures wore measured on the roar spark-plug 
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gasket (T 2 ^ 2 ) conventional location at the rear of the 

cylinder flange Thermocouples Tj^^ Tg were embedded and 

peened one-sixteenth inch below the surface of the cylinder and Tj _4 
was spot-welded to the surface of the cylinder flange. 

The temperature of cooling air in front of the engine -t^as taken 
as the stagnation air temperatiure computed from values obtained from 
a calibrated shielded thermocouple mounted below the fuselage. The 
temperatiure of the cooling air as it left the cylinders v/as obtained 
by thermocouples located on rakes behind each cylinder; one thermo- 
couple >ra.s behind each head and one behind each barrel, as shown in 
figure 3(b), The temperature of the engine charge air was measured 
by two thermocouples in each of the two intake ducts leading to the 
carburetor. All temperatures were measured by iron-constantan 
thermocouples and recording potentiometers. 

Pressures. - The pressure drop that \;as used for correlation 
was obtained by total-pressure tubes in front of the engine and 
static tubes behind the engine. The press',ire in front of the engine 
was determined from the average of the total-pressure tubes located 
at the baffle entrance on the top and intake side of the front-row 
cylinders. The pressure at the rear of the engine -was deterrained 
from the average of statlc-pressinre tubes mounted on rakes behind 
the rear- row cylinders. The locations of these tubes are show in 
figure 3 and described in table I, Instrumentation of the test 
engine included other pressure tubes (also shown in fig. 3) in order 
to compare pressure drops measured by the method used herein \/ith 
pressure drops measured by several other methods. (See table II.) 

All pressures were obtained by a liquid manometer board that was 
photographed in fliglit or by recording manometers, which are accurate 
to within ±0.1 inch of wter. 


FLIGHT PPOGRUI 

Four series of tests were run for the purpose of obtaining data 
for cooling correlation at MCA density altitudes of 5000 and 
20,000 feet and they were followed by other miscellaneous flights. 
Generally, four to six test points were obtained during each flight. 

The conditions for the foiu* series of tests are listed in the following 
table: 
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Series 

Brake 
horse - 
power 

Density 

altitude 

(ft) 

(a) 

Engine 

speed 

(rpm) 

Pressure 

drop 

(in. 

water) 

Carburetor setting 

1 

000 

5,000 

2400 

Varied 

Automatic rich 


1000 

5,000 

2400 

— do — 

Do . 


1250 

5,000 

2400 

...do — - 

Do. 


1500 

5,000 

2400 

do — 

Do. 


000 

20,000 

2400 

— do — 

Do . 


900 

20,000 

2400 

...do- — 

Do. 


1000 

20,000 

2400 

do — 

Do. 


1050 

20,000 

2400 

— do — 

Do. 


1085 

20,000 

2400 

— do — 

Do. 

2 

Varied 

5,000 

2400 

^5.0 

Automatic rich 

3 

800 

5,000 

2000 

^4.0 

Varied 


800 

5,000 

2400 

^4.0 

Do. 


1000 

5,000 

2400 

^7.5 

Do. 

4 

1000 

5,000 

Varied 

^4.5 

Automatic rich 


^■All flights at 5000 -foot density altitude were made in 
low blower; all flights at 20,000-foot density altitude 
were made in high blower. 

^Average value . 


The pressure drop was varied by use of cowl flaps and by varying 
the airspeed. The airspeed was varied at constant power by use of 
the landing flaps and by lowering the landing gear. 


DISCUSSION OF RESULTS 

The method used for correlating the variables affecting cooling 
was developed in reference 1, A general form of the equation is 


■ ^h (aAP)“ 

The term OAF as it appears in the correlation equation is used 
as an indication of the weight flow of cooling air passing over the 
cylinders. If the actual weight flow were used Instead of pressure 
drop, one equation should suffice for all altitudes, assuming a 
negligible change in the over-all heat-transfer coefficient. If an 
equation based on OAF is to be accurate for all altitudes, however. 
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corrections for variations of cooling-air density across the cylin- 
ders must he applied to the pressure drop, as discussed in refer- 
ences 2 and 3. As a possible means of minimizing the necessity of 
making complex ccrrections for compressibility, cooling-air density 
measurements obtained at several general locations were used in the 
correlation equation to determine which density would result in the 
most accurate equation over a range of altitudes . 

Correlation equations were obtained based on front, rear, and 
average- cooling-air densities. The roar density was calculated from 
values of temperature and pressure measured behind the engine; the 
average density was obtained by averaging the front (stagnation) and 
rear densities. Curves of mean effective gas tomporature Tg^ 

plotted against fuel-air ratio are shorn in figure 4 and construction 
curves required to determine the correlation equations for front den- 
sity are shown in figures 5 to "7; similar construction curves were 
required for the rear and average density equations but are not 
included. Details of the calculations are presented in appendix A. 
The coefficients and exponents of tho equations are presented in the 
following table: 


Altitude 

(ft) 

5000 

20,000 

Density 

1 

Front 

1 1 

Average 1 Boar 

Front 

Average i 

Roar 



Hoads 

n 

0.57 

0.57 jO.57 

^0.57 

^0.57 

1 ^ 0.57 


ID 

.34 

.34 i .34 

.32 

.31 

.30 


K 

.46 

.44 ! .43 

.46 

.44 

.42 

Barrels 

n 

0.41 

0.41 j0.4"i 

|a-0.41 

a0.41 

ao.41 


m 

.37 

.37 j .37 

.35 

.33 

.32 

1 

|K 

.79 

.76 ' .73 

.01 

{ .76 

.72 


^■Aseumed values. (See appendix A.) 


From tho table it may bo seen that the exponent m decreases 
somewhat with an increase in altitude for all three densities. This 
decrease is largely attributed to changes in the cocling-air-flow 
pattern and to the effect of compressibility on the relation between 
cooling-air weight flow and pressure drop. The table further shews 
that at an altitude of 5000 feet, the exponent m is not noticeably 
affected by the various densities but that a change is reflected in 
the coefficient of the equation because of the use of the different 
densities. At an altitude of 20,000 feet, however, the values of the 
exponent m obtained when using front, rear, and average densities 
are slightly different. The variation, although not large, may be 
explained by the fact that the magnitude of rear density changes with 
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a change in pressure drop hecaiiise of the resulting difference in 
cooling-air temperature and pressure at the rear of the engine. 

This change in rear density is in contrast to a comparatively 
constant front density. 

In order to evaluate the equations based on the tliree densities 
and to determine which of these densities v/ill give the most accu- 
rate equation over the range of altitudes, average engine tempera- 
txjres have been calculated using the 20,000-foot data in the 
5000-foot equations. A summary of the results is given in the fol- 
lowing table: 



Density 

Difference between actual and calculated 
temperature when 20,000-foot data are 
used in the 5000- foot equations, °F 

I 

Average i 

Maximum 


Front 

10 

18 

Head 

Rear 

7 

14 


Average 

9 

17 


Front 

e 

15 

Barrel 

Rear 

5 

10 


Average 

7 

13 


The computations show that all temperatures calculated for an 
altitude of 20,000 feet by means of the 5000-foot equation are less 
than the actual values. Furthermore, the computations based on rear 
density are slightly more acc’arate than those based on front density. 
Rear density, however, is difficult to calcixLate without Imowledge 
of the heat rejected from the engine to the cooling air. On the 
other hand, the front density may be readily calculated for any antici- 
pated flight conditions. The maximum error between the actual and 
calculated temperature when using the front density is only 5*^ F 
greater than when using the rear density, which Indicates that unless 
more precise results are desired, front density can be satisfactorily 
used for altitudes up to 20,000 feet. 

For altitudes above 20,000 feet, a Pratt & Whitney Aircraft 
report indicates that the use of i-ear density will res’uLt in the most 
accurate indications of weight flow; for such applications, a low- 
altitude correlation based on rear density would likely result in a 
marked improvement in accuracy over a similar correlation based on the 
front density. 

When the equations are used for making predictions at altitudes 
at which they were determined, any of the three densities may be used 
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with, approximately the same degree of accuracy. For the present 
tests, temperatures calculated hy this means were, on the average, 
within ±5° F of the actual measured temperatures. 

In order to permit comparison of the correlation equations 
presented herein with those determined in other cooling investiga- 
tions that are based on other methods of measur’ing temperature and 
pressure drop, figures 8 and 9 and table II ai’e presented. Fig- 
ure 8 shows the relation between average head temperatures Tj 3 and 
average and maximum rear- spark-plug- gasket temperatiares and 
figirre 9 shows the relation between average middle- barrel tempera- 
tures T0 and average and maximum cylinder- flange temperatures I 14 .. 
Table II gives a basis for comparing the pressure drop measured by 
the method used herein and the pressure drop measured by three other 
conventional methods. 


In order to demonstrate the use of the correlation equations 
for evaluating airplane cooling performance, suitable curves have 
been calculated for a range of altitudes from sea level to 20,000 feet 
using the equations based on front density; pressure-drop calculations 
between sea level and 8000 feet wre made by use of the cooling equa- 
tion established at an altitude of 5000 feet and those calculations 
between 14,000 and 20,000 feet were made by use of the 20,000-foot 
equation; these ranges of altitude were arbitrarily chosen. Mean 
values of the constants of the two equations were used to obtain an 
equation for the intermediate altitudes. The 5000- foot equation 
could have been used throughout the range of siltitudes ivlth small 
error but inasmuch as the 20,000-foot equation was available, it treis 
also used. Two curves of airplanes performance (figs. 10 and 11) that 
facilitate determination of the value of cooling- air pressure drop 
for a given operating condition were also used in making these 
cooling-performance computations. The first of these airplane per- 
formance curves (fig. 10) shows the relation between dynamic pres- 
sure q and engine power during level flight for three cowl- flap 
settings and three gross weights. This relation was computed using 
the following aerodynamic equations in conjunction with a curve of 
2 

plotted against Cp that ras determined in flight: 


APPLICATION OF TEE COOT.ING COEEELATION 



( 1 ) 



( 2 ) 


( 3 ) 
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and 


a/o bhp = 


Ti 550 


( 4 ) 


when V Is in feet per second. The procedure for determining 
such a curve in flight is described in reference 4. A value for 
q was assumed and equation (2) ^^as solved for the value cf 

corresponding to the specified weight condition. The curve was 
then used to determine the value of Cjj corresponding to the knov?n 

value of Cjj and the specified cowl-flap setting. Equation (4) 

T'jas then solved f or tJo~ bhp using a value of 0.85 for the propul- 
sive efficiency rj inasmuch as estimates Indicated that it remained 
pi’actically constant for the ivlde range of conditions encountered 
with the test airplane. Computations laade in this roanner were used 
to establish the curves shoivn in figure 10. From this figure, Imowing 
the density ratio, brake horsoporrer, gross weight of the airplane, 
and cowl-flap setting, the dynamic pressui'e q may bo found and then 
converted to Impact pressure q^ (q^ r: F^q). The second curve used 
to compute pressure drop is that of AP/q^ plotted against cowl- flap 
opening (fig. 11); this curve represents the average of a number of 
test points. As can be seen from figure 11, for this installation 
opening the cowl flaps fully produces about 60 percent more pressure 
drop than that obtained with closed cowl flaps at the same indicated 
airspeed. Because of the decreased airspeed when the cowl flaps are 
opened at constant power, however, the effective increase in pres- 
sure di-op is only about 40 percent. 


Temperature predictions based on pressure drops estimated by use 
of figures 10 and 11 showed an average error of ±7° F for 105 runs 
and thus are nearly as acciu’ate as those based on measured pressure 
drops. An example of the procedure used for making temperature pre- 
dictions is shown in appendix B. 


A comparison of the cooling-air pressure drop available with 
the cooling-air pressure drop required to limit maximum cylinder- 
head temperatures to specified values is presented in figures 12 and 
13. This comparison is shown for four operating conditions at maxi- 
mum gross weight (36,000 lb) and a light gross woi^t (25,000 lb) in 
NACA standard atmospheric conditions and Armj'’ summer air. The fuel- 
air ratio specified for each operating condition is the approximate 
value that would be metered by a carburetor with standard setting. 

The abrupt upward displacement of the ciurves of required pres- 
sure drop, when the supercharger is shifted from low- to high-blower 
ratio, is due to the additional cooling load imposed by the increased 
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charge consumption and the rise in mixture temperature with the 
increased supercharger compression. The decrease in pressure drop 
available that results from increased gross weight is small at high 
power but more pronounced at low power as may be seen by comparing 
figure 12(a) (military power) with figure 13(b) (50 percent rated 
power) . 

Although the specific cooling performance of this particular 
installation may not bo of general interest, a discussion of the 
curves serves to illustrate their application. The curves show, 
in general, that the engine in this installation will cool satis- 
factorily with standard carburetor setting under all power condi- 
tions in NACA standard atmospheric conditions. In Army summor air, 
which is representative of more severe cooling conditions, however, 
it may be seen from figure 13(a) that enrichment would be required 
to limit the maximum cylinder temperatures to specified values for 
high -blower operation at 70 percent rated power. Figure 13(b) indi- 
cates satisfactory cooling for 50 percent rated power with open cowl 
flaps for 26,000 pounds gross weight but shows that the temperature 
limits would be slightly exceeded for 36,000 pounds gross weight in 
Army siammor air. A leaner carburetor setting at this power, if it 
allows satisfactory operation, would help to cool the engine because 
the specified fuel-air ratio is approximately that at which the cyl- 
inder temperatures peak and either richer or leaner operation would 
decrease the temperatures. 

As a means of demonstrating the combined effects of cowl flaps 
and^ fuel-air ratio on specific range when they are varied to limit 
cylinder temperature to the maximum allowable value, figure 14 is 
presented; curves for two altitudes are included. Figure 14 shows 
that a sizable increase in the specific range of the airplane may 
be realized by operating as lean as feasible and providing adequate 
cooling by means of cowl flaps rather than cooling with excess fuel. 

For the specific conditions of figure 14 at an altitude of 
8000 feet and an air temperature of 70^ F (corresponding to Army 
summer ^air), a 14-percent increase in specific range is possible by 
operating at a fuel-air ratio of 0,063 and three-fourths open (30^) 
cowl flaps rather than at a fuel-air ratio of 0.08 and one -fourth 
open (10^) cowl ilaps, when the same cylinder-head temperatures pre- 
vail in both cases. The fuel-air ratio of 0.08 is approximately 
that which would be metered by the standard carburetor. The decrease 
in true airspeed due to the increased cowl -flap opening would be 
about 10 miles per hour for these conditions. The gaps in the curves 
for air temperatures of 46^ and 56^ F represent a range of fuel-air 
ratio at which the specified head temperature would be exceeded; 
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whereas the end points of all the curves indicate the limits of 
fuel -air ratio beyond which the head temperature would be less 
than the specified value. 

These cooling-performance calculations have been made only 
for the cylinder head but they could be made equally as well for 
the barrel. For this particular installation^ cooling of the barrel 
was leas critical than of the head for the operating conditions 
encountered and thus the evaluation of cooling performance has been 
baaed on head-temperatvire limits . The performance curves indicate 
no serious cooling problem present for this installation in level 
flight when operating in the range of conditions that were assumed. 

The procedure followed herein for predicting cooling perform- 
ance is applicable to any airplane equipped with air-cooled engines. 
The use of this procedure allows an evaluation of the cooling charac 
teristics of the power-plant installation over a wide range of oper- 
ating conditions from data obtained in the comparatively few flights 
required to establish the cooling -correlation equation and airplane 
performance characteristics. 


SUMMARY OF RESULTS 

From flight cooling tests of a two-row radial engine in a twin- 
engine airplane, the following results were obtained that are appli- 
cable to level flight; 

1. Satisfactory correlation of the cooling variables has been 
obtained in flight tests at density altitudes of 5000 and 

20,000 feet. 

2. Average engine temperatures calculated for a specific alti- 
tude by use of the correlati n equations developed for that altitude 
were, on the average, within i5® F of the actual measured temperature 
and were always within il6° F. 

3. When average engine temperatures at an altitude of 20,000 feet 
wore predicted by cocTing-correlatitin equations established at an 

alt tude of 5000 feet, they were usually within -10° F of the actual 
measured value . Slightly more accurate results were obtained when 
the equations were based on the density of cooling air at the rear 
of the engine than when they were based on average or front densities; 
however, the difference was small for the range of altitudes encoun- 
tered . 
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4. For specified airplane operating conditions, estimates of 
cooling-air pressure drop were made with which it was possible to 
compute cylinder temperatures comparable to the accuracy of calcu- 
lations based on measured pressure drop. 

5. The relatively simple procedure followed herein was used 
to evaluate the cooling performance of this typical air-cooled 
power-plant installation and to determine optimum conditions of 
operation for satisfactory cooling and maximum range. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, November 30, 1945. 
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APPENDIX A 


DETAILS OF CORRELATION CALCUIuATIONS 

In reference 1 a method was established for correlating the 
important variables affecting engine cooling. This method equates 
the quantity of heat transferred from the products of combustion 
to the cylinder walls with the quantity of heat rejected from the 
cylinders to the cooJ.ing air. One form of the equation may be 
written 

^h - Ta ^ 

(oAP)“ 

The methods of obtaining the values of the variables in the equa- 
tions are discussed in the following sections. 

Head temperature, cooling -air temperature, and pressure drop. - 
The value of head temperature Tjj used was the average temperature 
obtained by the 18 thermocouples T 13 ; T^ was taken as stagnation 
air temperature and AP was the average of the pressure drops 
measured by tubes in the baffle entrances of the front -row cylinders 
and at the rear of the rear-row cylinders as described in the section 
on instrumentation. 


Mean effective gas temperature . - The mean effective gas tem- 
perature Tg is a function of fuel-air ratio, inlet manifold tem- 
perature, and exhaust pressure for a given engine with a fixed spark 
timing (references 1 and 5 ), An equation expressing this relation 
is 


- ^60 ^'^g 


( 1 ) 


The change in mean effective gas temperature ATg is dependent 
on the temperature of the charge in the manifold Tj^. Inasmuch as 
the temperature in the manifold is difficult to measure by a thermo- 
couple owing to the partial vaporization of fuel, it was approximated 
by Slamming up the charge -air inlet temperature T^ and the computed 
temperature rise- across the supercharger AT. The value of Tjg on 
a dry -air basis is expressed as 

Tm = Tc + AT (2) 

From reference G, an approximate expression for blower temper- 
ature rise AT on a dry-air basis (without fuel) is derived as 
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AT 



Substituting for AT in equation (2) gives 


T = 


+ 


jL 

JCpg 


( 3 ) 


(4) 


Frcm single- cylinder tests (reference 5), it has been found 
that a change of 1° F in the temperature of the charge resulted in 
a change of about 0.8° F in the mean effective gas temperature for 
the heads. This effect vas assumed to hold true for multicylinder 
flight tests because of satisfactory results in vind-tunnel testa 
on multi cylinder engines (reference 7). Accordingly 



+ 0,8 Tja 


(5) 


When equation (4) is combined \rf.th equation (5), the folloving 


expression may be -written 

’■g = *go 



( 6 ) 


For the engine tested the following equations were computed for the 
heads ; 


Low blo-vrer 


T 


e 


T„ + 0,8 

So 



+ 22.1 



(7) 


High blower 

T„ = T_ + 0.8 

6 So 



( 8 ) 


For the barrels, the change in mean effective gas temperature 
VB.B taken as 0.5° F when the charge temperature ■\ras changed 1° F. 
Accordingly, the equations for the barrels are: 


Low blower 


T 


6 


T + 0.5 

So 


T + 22.1 
c 



Higli blower 


T 


g 



(9) 


( 10 ) 
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Equations (7) to (10) were used to obtain curves of Tg^ 

against fuel-air ratio (fig. 4) for a density altitude of 50C0 feet 
as discussed in a later section on calculation procedure. Because 
the mean effective gas temperature is affected by a change in 
exhaust pressure^ a separate Tg^ curve was calculated for 

20,000 feet (fig. 4). This curve was obtained by reducing the 
values of the 5000-foot curve by a fixed percentage determined from 
re- erence 6, which shows the drop in Tg with exhaust pressure. 


Charge -air weight flow. - For any given fuel -air ratio, the 
charge -air flow to an engine is approximately proportional to the 
indicated horsepower. Thus, a single curve should be obtained when 
charge-air flow per unit time per indicated horsepower, or indicated 
specific air consumption, Is plotted against fuol-air ratio. Once 
such a curve has been established, it is necessary to know only the 
fuel-air ratio and indicated horsep .wer in order to determine charge - 
air flow. Eeferonce 7 presents an equation that expresses indicated 
horsepower in terms of readily measured variables. The general form 
of the equation is 


ihp = bhp -njA + B(Wc)J - C (Pgi - Bait) ^ 


1000 


( 11 ) 


The specific forms of equation (ll) for the test engine are: 


Low blower 


lhp.bhpt[27.e.64W,]:^^' - l-74(Psl - fait) 7^ 


1000 


High blower 


Ihp = bhp ^27 t 15.56 - 1.74(P3i - jL (15) 


In order to determine the curve of indicated specific air con- 
sumption plotted against fuel -air ratio from the flight data^ it 
was first necessary to make a carburetor calibration of compensated* 
metering pressure against weight of charge -air flow. This calibration 
was made in a test cell with the carburetor intake ducts assembled in 
place to simulate the flight installation. Values of obtained 

from the metering pressure read in flight were then used in conjunc- 
tion with equations (12) and (13) to establish the indicated specific 
air consumption curve shown in figure 15. This curve was assumed to 
be valid for all conditions of power and altitude. For the correlation 
equations^ the weight of charge -air flow was then calculated from this 
curve and from equations (12) and (13). 
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Calculation procedure . - In flight tests it is difficult to 
obtain and hold constant the exact desired corditions; more steps 
are therefore required to reduce flight coding data than to reduce 
test-stand or wind-tunnel data where desired conditions can be 
maintained within close limits. Because it is impossible to main- 
tain constant cooling-air pressure drop, weight of charge-air flow, 
and fuel-air ratio in these tests, it was necessary to apply cor- 
rections for the variation of these factors. 

The procedure used in obtaining the final cooling -correlation 
equations at an altitude of 5000 feet was as follows: The data 

taken in flight series 1 and 2 wore used in conjunction with a pre- 
viously established curve of Tg plotted against fuel-air ratio 
from reference 8 to obtain the first approximate exponents n and 
m. It was necessary to use this Tg curve established in other 

tests bocause the runs in flight series 1 and 2 could not bo made 
at a constant fuel-air ratio of 0.08, which would have been desir- 
able . By substitution of the approximate exponents n and m in 
the general form of the cooling equation, tho values of K wore 
computed for the individual data points. When these values of K 
wore used, the values of (Tjj - Ta)/(Tg - Tj^) were corrected for 
small variations in charge -air flow and a now and more nearly 

correct exponent m was obtained. In tho same fashion, tho equa- 
tions were corrected for small variations in a^P and a new expo- 
nent n was obtained. By the use of these corrected values of n 
and m, new values of K were calculated for several runs made at 
a fuel-air ratio of approximately 0.08. When these calculations of 
K were made, the value of Tg, baaed on a value of Tg of 1086° F, 

was obtained from equation (7) or (d) . The average of these new values 
of K was used with the data from flight series 3 to plot a curve 
of T against fuel-air ratio (fig. 4) . Final values of the expo- 

°0 

nents n and m were obtained by using this corrected T_ curve. 

a 

The final correlation curves for all runs were then plotted in the 

form (Tjj - Ta)/(Tg - Tj,) against using the final 

corrected exponents n and m and the Tg curve that had been 
established. 

Inasmuch as the range of charge -air flow at an altitude of 
20,000 feet was very limited, it was impossible to determine the expo- 
nent n from data obtained at that altitude. The assumption was there- 
fore made that altitude does not affect the heat-transfer process from 
the combustion gases to the cylinder walls and the values of the expo- 
nent n for an altitude of 20,000 feet were assumed to be the same 
as the value determined for 5000 feet. Final values of pressure -drop 
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exponent and the correlation equations for an altitude of 
20,000 feet were determined in the same manner as at 5000 feet. 

A similar procedure was used for determining the correlation 
curves for the cylinder barrels. 
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APPENDIX B 

SAMPLE PEEDICTION OF CYLINDEP TEMPEEATURE 

In order to calculate the majcinmm spark -plug-gasket temperature 
the fcllowlng conditions in level flight were assumed: 


Brake horsepower 1700 

Engine speed, rpm 2600 

Fuel -air ratio 0.10 

Supercharger. ... low hlower 

Cowl flap closed 

Pressure altitude, feet 5000 

Free -air temperature, °F 81 

Free -air density ratio 0.798 

Airplane gross weight, pounds 36,000 


Cooling-air pressure drop. - In order to obtain OAP for use 
in the correlation equation, the dynamic pressure q must be found 
and converted to the impact pressure q^ by means of the compressi- 
bility factor Fq, which is determined from Mach number M. 

The dyneimic pressure q may be obtained from figure 10. For 
the given conditions 

^/o bhp =^/■o7798 X 1700 = 1519 
therefore, from figure 10 


q = 32.3 inches water 


Fc 


# M® . . . 

4 40 1600 


M = V/A 


V = 45.08yq/o = 287 miles per hour 


a = 33.42,/T + 459.4 = 777 miles per hour 


M 287 ^ __ 

M = — = 0.3/ 


p _ T , (0.37)2 (0.37)^ 

^ + 4 + 40~ 
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Fq = 1.034 

q.Q = F^q = 1.034 X 32.3 = 33.5 Inches water 

From figure 11, for closed cowl flaps AP/q^ = 0.28. Therefore 

AP = 0.20 X 33.5 = 9.38 inches water 

Front cooling -air density ratio 0^, computed from stagnation 
conditions, may be obtained by use of the equation 

_ 2.5 

Of = (1 + 0.2M2) = 0.854 


Therefore 


OfAP = 0.854 X 9.38 =8.0 inches water 

Cooling-air temperature . - The coollng-ajr temperature will be 
taken as the ambient air temperature plus the full adiabatic rise 
(stagnation conditions) 


T 


a 


T + 1.79 


. 100 ^ 



96° F 


Mean effective gas temperature . - In the absence of carburetor 
heat or charge cooling, Tg is assumed equal to Tg,. When the value 
of Tg^ is substituted for Tq and the value of Tg^ is used that 

corresponds to a fuel-air ratio of 0.10 (fig. 4) in equation (7) of 
appendix A 

Tg = 900 + 0.8 [96 + 22.1 (2. 6)^1 = 1096° F. 


Charge -air flow. - In order to determine W^, a value of 0.00172 
is obtained for isac from figure 15 for the given fuel-air ratio of 
0.10. When ihp is expressed as Wg/isac and substituted in equa- 
tion (12) (appendix A-) 


^c = 


0.00172 


1700 + (27 + 8.64 



- 1.74 (29.92 - 24.89) 


2600 

1000 ' 


or 


Wg = 3.56 pounds per second 
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\<lien the values that have heen obtained for oAP, and 

Wq are substituted in the genei’al form of the cooling equation and 
the values of exponents and coefficients that were obtained at an 
altitude of 5000 feet and based on front density are used, the equa- 
tion may be solved for Ti^. 


^'h ■ 
1096 - 


0.456 


,, p-nO.57 

(o.56) 

IsTo)^ 


or 


Tj^ = 413^ F 


By use of figure 
ture corresponding to 
imately 466° F. 


8 the maximum rear- si^arlc-plixg- gasket tempera- 
sin average temperature 413° F is approx- 
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TABLE I ~ PEESSUEE-TUBE LOCATIONS 


Pres- 

sure 

tube 

(a) 

; Type of 
tube 

* 

1 



j Pre ssure - j C ir cumf er - 
measurement | ential 
location \ position 

jon cylinder 

( 

1 

! 

1 

- --- , 

Axial 

location in 
direction of 
cooling-air 
flow 
(in.) 

Eadial 
location 
' from 
cylinder -- 
flange 
base 
(in.) 

Hh2i 

Total 

head 

Between finj Intake side 
and baffle j 
1 at head 1 

baffle ) 

entrance 1 

3 /I 6 down- 
stream of 
i entrance 
baffle curl 

16 

\2t 

i 

1 

1 

1 

1 

Total 

head 

i 

1 

1 

1 

Between fin 'Center of 
and baffle i cylinder 
at head i 

baffle j 

entrance * 

3 / 16 down- 
stream of 
entrance 
baffle curl 

12^ 

8 

Hb2i 

1 

1 

Total 
head j 

i 

1 

Between finj Intake side 
and baffle j 
at barrel I 
baffle i 

entrance | 

3 /I 6 down- 
stream of 
entrance 
baffle curl 

3-^ 

16 

^h4 

Closed- 

end 

static 

Eear of jCenter of 

head on (cylinder 

rake j 

7/8 down- 
stream of 
barrel fins 

7 

^b4 

1 

Closed- 

end 

static I 

Eear of i Center of 

barrel on [cylinder 
rake | 

7/8 down- 
stream of 
barrel fins 

4 


^A sketch of the pressure -tube installation and an explanation 
of the symbols are presented in figure 3. 


Nationxil Advisory Committee 
for Aeronautics 
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TABLE II - COlvIPABISON OF PKKS3TJEE DROP MEASURED BY FOUR METHODS 


— . 

Pressure -drop 
designation 
(1) 


Method 

' 

ap/ap^ 

Cowl 

flaps 

full 

open 

Cowl 

flaps 

closed 

Cowl 

flaps 

full 

open 

Cowl 

flaps 

closed 

He ad a 

ro 

D> 

— 1 


+ %2t^ 

- (Phi) 

0.45 

0.28 

1.00 

1.00 



^ y f r 

rr 





APg 

(\2i 


- (?h7> 

.45 

.29 

1.00 

1.04 



2 ^ pj. 

rr 


1 




f'\21 

\ 

+ %2t ' 

- (^hs) 

.50| 

.33 

1 1.11 

1.18 

1 

\ 

2 ypj. 

rr ! 

1 

1 

1 

1 1 

! 1 

1 1 

1 

1 


i 

A?4 



ae I 

1 1 

! .37 

! 

.24 I 

i 

1 

i .82 

1 

.86 

Barrels 

^AP^ 


(Hb2i). 

fr 

- (Pb4) 1 

rrj 

0.40 i 

1 

1 

0.24 

1 

1.00 

1.00 

APg 


(ab2i)fr 

“ (^''V7)rr I 

.43 

.27 

1.07 

1.12 

AP 3 


(Hb2:0,,. 

- (i'be)rr 1 

.42 

.26 

1.05 

1.08 

. J 



" (i^b4)ae 

.30 

i 

.19 

1 

.75 

.79 


^A sketch of the pressure -tube installation and an explanation of 


the symbols are presented in figure 3. 
^Method used for correlation. 

*In front of cylinders 2, 6, 11, and 16 only. 


National Advisory Committee 
for Aeronautics 
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Fig . I 



Figure I. - Th ree-qua rte r front view of test airplane. 
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Front-row cyl inder 


Rear-row cylinder 


Figure 2« - Side sectional view of test-engine cylinders showing thermocouple locations. 
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Symbol s ; 

H total pressure 

Pressure- tube subscripts 
h head 
b barrel 

I to 2 longitudinal location 
of tube relative to 
cy 1 i nd er 

i intake side of cylinder 
t top of cy 1 i nder 


* I n s t r umen t a t i on used for correlation 


(a) Front three-quarter view. 


Figure 3* - Front- and rear-row cylinders showing pressure-tube and cooling-air thermo* 
couple i nsta I lat i on . 
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ermocou p\ e 



KM 

cr 
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Rak e- 


S ym bo I s : 

P static pressur e 

Pre ss ur e- lu be subscripts: 
h head 
b barrel 

4 to 7 longitudinal location 
of tube relative to 
c y I i n der 


* I nstr umen t at i on used for correlation 


(b) Rear three-quarter view, 


Figure 3 . - Concluded. 
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Mean effective gas temperature. 


NACA IN NO 


1092 


Fig 


4 



Figure 4. - Variation of mean effective 
cylinder heads and barrels at density 


gas temperature with fuel-air ratio 
altitudes of ^00 and 20,000 feet« 
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(a) Cylinder heads. 



( bl Cylinder barrels. 

'Figure 5. - Variation of < f h“ 

(Tg-Tjj) with charge- air weight for cylinder heads 

and barrels at density altitude of 5000 feet. 




(S^^P, In. water 


<a) Cylinder heads; density altitude, Ic) Cylinder heads; density altitude, 20,000 feet. 

5000 feet. 



lb) Cylinder barrels; density altitude. Id) Cylinder barrels; density altitude, 20,000 feet. 

5000 feet. 


Figure 6. - Variation of I ^^'^a ^g^^h ^ ^ ^b“ ^a ^ with cooling-air pressure drop a^LP 

heads and barrels. ^ 
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o 

□ 

O 

A 


Pressure drop 
( in. iMeterl 
Density altitude 
I ft I 

20.000 
Varied 
Varied 
Varied 
Va r i ed 
Varied 


9000 

Vari ed 
Varied 
Vari ed 
Varied 


^ Constant 


Engine power 
I bhp) 

Density altitude 
(ft i 

20.000 

800 
900 
1000 
1090 
1089 


9000 

800 

1000 

1290 

1900 

800 


Engine speed 
( rpm) 

Density altitude 
( ft I 

9000 20.000 



W,0.67/0.34/„^^ 

la) Cylinder heads; density altitude, 9000 feet. 



2400 

2400 

2400 

2400 

Varied 


2400 

2400 

2400 

2400 

2400 



0.97/0. 




Ic) Cy I inder heads; density altitude, 20.000 feet. 



.9 .6 .7 .8 .9 1.0 1.9 2 2.9 9 

Id) Cylinder barrels; density altitude, 20,000 feet. 


Figure 7. - Cool ing>correl ation curves for cylinder heads and barrels. 
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Fig. 8 



Figure 8. - Variation of maximum and average rear-spark-plog-gasket temperatures 
with average head temperature Tjj. 
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Figure 9. - Variation of maximum and average cjrlinder- 
flange temperatures T with average middle-barrel 
temperature Tg. 
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Fig 


. (0 



Figure 10. - Computed variation of dynamic pressure 
efficiency, 0.85; level flight. 


q with '/a bhp. Propulsive 


Fig. II 
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Cowl-flap angle, deg 

Figure II. - Variation of AP/q^ with cowl-flap angle for cylinder 
heads. 
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Fig. I 2a 



(a) Military power operation; fuel-air ratio, 0.100; engine speed, 
2600 rpm. 

Figure 12. - Comparison of pressure drop available for cooling with pres- 
sure drop required to limit maximum spark-plug-gasket temperature to 
500° F. Supercharger shifted to high blower at 9500 feet; level flight. 
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Fig . 12b 
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(b) 100 percent rated power to critical altitude; fuel-air ratio, 

0.095; engine speed, 2400 rpm. 

Figure 12. - Concluded. 
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Fig. 13a 



<a) 70 percent rated power to critical altitude; fuel-air ratio, 

0.08; engine speed, 2100 rpm; supercharger shifted to high 
blower at M ,000 feet. 

Figure 13. - Comparison of pressure drop available for cooling with pres- 
sure drop required to limit maximum spa rk-pl ug-gasket temperature to 
450® F. Level flight. 
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Fig. 
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5b 



(b) 50 percent rated power; fuel-air ratio 0.060; engine 

speed, 1800 rpm; supe rcha rge r, low blower. 


Figure 13. - Concluded. 
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Fig. 14 
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Fuel-air ratio 

Ca) Pressure altitude, 12,000 feet. 


Figure 14. - Computed variation of specific range 
are varied to maintain maximum spark-plug-gasket 
30,000 pounds; engine speed, 2100 rpm. 
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Ibl Pressure altitude, 8000 feet 
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( ft) 
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Engine power 
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MOO 

1050 
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Supe rchorger 

Low blower 
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with fuel-air ratio when cowl flaps 
temperature of 450® F. Gross weight. 
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Char 9 e-ai r f low, I b/sec 
Indicated horsepower 



Figure 15. - Variation of indicated specific air consumption with fuel-air ratio. 
Density altitude, 5000 feet. 
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